New water-soluble CdSeTe/ZnS core-shell quantum dots with excellent near-infrared emission were synthesized via an aqueous solution method; they showed strong electrogenerated chemiluminescence and favorable biocompatibility.
In addition to organic dyes and fluorescent proteins, quantum dots (QDs) are a new class of fluorescent probes for a large variety of bio-applications.
1 A new and exciting research avenue for QDs is their applications as optical probes for imaging of cells and tissue. As to biological optical imaging, the near-infrared (NIR)-emitting window is appealing because of the low tissue absorption and scattering effects in the emission range (650-900 nm).
2 This allows penetration of excitation and fluorescence photons deep into biological samples with reduced interaction and photodamage to the surrounding tissues, allowing fluorescence imaging depths on the order of centimetres. Generally, the CdSe-based QDs can only reach typically 650 nm in emission, which is just below the optimal NIR range for imaging. 3 Even the CdTe QDs of 7 nm can only reach to 720 nm in emission. Therefore, highquality NIR QDs have remained an attractive research objective. To date, several strategies have been employed to prepare QDs with NIR emission in aqueous or organic medium. 4 However, the synthesis of the QDs has proved much more challenging and it is difficult to prepare QDs with high fluorescence quantum yields (QYs) and good photostability. The synthesis of alloyed QDs (A-QDs) is a good way for the preparation of high quality NIR-emitting QDs, such as CdTeSe A-QDs.
5
In addition, the core/shell (CS) or core/shell/shell (CSS) structures can provide NIR-emitting QDs. 6 In the CS A-QDs, the shell provides a physical barrier between the optically active core and the surrounding medium to make the CS A-QDs less sensitive to environmental changes and photo-oxidation. The shell further provides an efficient passivation of surface trap states, giving rise to strongly enhanced fluorescence QYs. These effects are fundamental prerequisites for use in biological labeling. Various kinds of NIR-emitting CS or CSS QDs such as CdTe/CdSe, CdSeTe/CdS, CdSe/CdTe/ZnSe, InP/ZnS, CdTe/InP/ZnS, and InAs x P 1Àx /InP/ZnSe etc. have been synthesized through organometallic methods.
7 However, for biological applications, additional surface modification is required to disperse the QDs in water, e.g., wrapping an amphiphilic polymer around the QDs or hydrophilic ligand exchange for surface-binding TOPO molecules. Moreover, the QYs often decrease when QDs are transferred to water because of additional quenching pathways when water binds directly to the surface of the QDs. An attractive strategy to improve the properties of NIRemitting QDs with good water-solubility can be developed by synthesizing the QDs directly in aqueous solution with an additional protective wide-bandgap shell. It was reported that NIR-emitting CdHgTe/CdS, CdTe/CdS, CdTe/CdSe/CdSe were prepared in aqueous solution.
8 However, an inherent cytotoxicity was observed when Cd 2+ or Hg 2+ ions were desorbed from these Cd-shell QDs, particularly under UV irradiation.
9 To the best of our knowledge, no NIR-emitting QDs with a ZnS shell have been reported so far for the use of electrochemiluminescence. The QDs were prepared in aqueous solution directly and possessed both excellent fluorescence and favorable biocompatibility.
In this communication, we report the fabrication of waterdispersed CdSeTe/ZnS CS QDs. L-cysteine (L-cys) was applied to improve the stability. The prepared CS QDs not only possess high QYs, but also exhibit excellent photostability and favorable biocompatibility. Moreover, the CS QDs showed a high electrogenerated chemiluminescence (ECL) signal. All of these showed their potential applications in cell imaging and biosensing with high sensitivity.
The CdSeTe/ZnS CS QDs were prepared in two steps as shown in Fig. 1A . CdSeTe A-QDs were first synthesized via incorporating Se into CdTe nanocrystals as described in our report, 5b and then the synthesized CdSeTe A-QDs were coated with a ZnS shell. Herein, the ZnS wide-bandgap semiconductor material was used to coat the CdSeTe A-QDs. It is worth mentioning that the temperature is an important factor in the formation of the ZnS shell. As previously reported, high temperature can cause broad size distributions and a large amount of surface defects for QDs. 10 Consequently, the relatively low temperatures reported here (60-70 1C) might be favorable for the good epitaxial growth of the ZnS shell with a high degree of crystallinity. Fig. 1 displays representative UV-vis absorption and fluorescence spectra for CdTe, CdSeTe and corresponding CdSeTe/ZnS CS QDs. In the fluorescence spectra, a red-shift was observed for CS QDs compared to the corresponding CdSeTe A-QDs, which may be due to the increase in the size of the CS QDs with a ZnS shell. Elemental analysis results by inductively coupled plasma mass spectrometry (ICP-MS) could also prove the formation of a ZnS shell. The emission peak of the CS QDs was not strongly dependent on the QDs refluxing growth time, which may be due to the constant ZnS bandgap and lattice mismatch. The absorption peaks become weaker with the formation of a ZnS shell. Additionally, the fluorescence intensity of the CS QDs was superior to that of corresponding naked CdSeTe A-QDs, since the ZnS shell effectively reduced the number of defects on the surface of the QDs. 6, 11 As a result, highly luminescent (QYs = 40-70%) CdSeTe/ZnS CS QDs in a range of 650-750 nm emission can be prepared by coating a ZnS shell on various CdSeTe precursor QDs as shown in Fig. 2 . The as-prepared CS QDs have an average diameter of about 5 nm with 0.3-0.5 nm shell thickness.
The CS QDs were systematically characterized by transmission electron microscopy (TEM) and X-ray powder diffraction (XRD). As shown in Fig. 3 , the TEM and high-resolution TEM (HRTEM) images of the as-prepared CdSeTe core and the corresponding CdSeTe/ZnS CS QDs showed the increase in size with the growth of the ZnS shell. Moreover, the HRTEM images of the CdSeTe and the CS QDs showed obvious lattice planes that extend across the entire particle without evidence of an interface between the core and shells, which was consistent with a coherent epitaxial growth mechanism and demonstrates that the shell growth does not disturb the crystalline form of the core. In comparison to that of CdSeTe QDs (4.8 nm), the size of CdSeTe/ZnS CS QDs increased to 5.3 nm, indicating an optimal thickness of about 0.5 nm for the ZnS shell.
12 Powder X-ray diffraction (XRD) studies of the CdSeTe core and CdSeTe/ZnS CS QDs show that the diffraction patterns, including peak widths and shapes are nearly the same, which further demonstrates they have the same crystalline structure as zinc-blende (Fig. 3E) .
In addition, the CS QDs showed good photostability. The reason may be that the ZnS shell effectively protects the CdSeTe core and as a consequence unsaturated Te or Se atoms on the core surface are not oxidized. 6 Moreover, the water dispersible CdSeTe/ZnS CS QDs showed good stability and their optical properties remained stable for months when stored in ambient conditions, which suggested a potential use in biomedical imaging. The biocompatibility of QDs is a critical characteristic for further bio-applications, especially in cellular as well as in tissue or even in vivo imaging. 13 Herein, the fabricated ZnS shell structure has better biocompatibility than the bare CdTe or CdSeTe core A-QDs. Therefore, the cytotoxicity of the CdSeTe/ZnS CS QDs that were capped with L-cys was evaluated with an MTT viability assay. As shown in Fig. 4 , in comparison with MPA-capped CdTe QDs or L-cys-capped CdSeTe A-QDs, the CdSeTe/ZnS CS QDs showed lower cytotoxicity under the same conditions. The encapsulation of the CdSeTe/ZnS CS QDs with L-cys reduces the cytotoxicity compared to MPA-capped CdTe QDs since the release of Cd 2+ was avoided. 9b It was found that a small part of the QDs was actually taken up especially in high concentration.
Moreover, as a novel ECL reagent, the L-cys capped CdSeTe/ZnS CS QDs showed strong ECL emission, as shown in Fig. 5 . ECL is generated by relaxation of excited-state molecules that are produced through electron-transfer annihilation of electrogenerated anion and cation radicals.
14 As the electrode potential becomes sufficiently negative, The ECL mechanism is listed as follows:
QDs* -QDs + hv
The ECL behaviour further confirmed the potential ECL biosensing application of the CS QDs.
In conclusion, NIR-emitting CdSeTe/ZnS CS QDs were prepared in aqueous solution directly for the first time. The QDs have high fluorescence quantum yields and high electrochemical luminescence. All of these properties demonstrate promising applications in biosensing and imaging.
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Notes and references Fig. 4 Cytotoxicity of CdSeTe core A-QDs and CdSeTe/ZnS core-shell QDs with different concentrations and incubation for 6 h with HeLa cells, A: blank, B: 3 mg ml À1 , C: 30 mg ml À1 , D: 60 mg ml À1 , E: 300 mg ml À1 , F: 600 mg ml À1 . 
